The extent to which grain boundaries (GBs) in polycrystalline materials may be detrimental, benign, or even beneficial is explored with numerical simulations in two dimensions. We focus on the effects of GB recombination in Cu(In,Ga)Se 2 (CIGS) solar cells and its effects on solar-cell performance. The simulations predict that (1) for device efficiency exceeding 17%, the effective GB recombination velocity must be less than 10 4 cm/s; (2) grain boundaries within the space-charge region (SCR) lower the open-circuit voltage, whereas the short-circuit current is reduced by grain boundaries in the bulk material; and (3) horizontal GBs are relatively benign unless they are located in the SCR. Modifications to the electronic structure near grain boundaries show that charge-induced band-bending at grain boundaries will most likely have a negative effect on device performance, whereas a down-shift in the valence-band energy at the grain surface can effectively passivate the GBs and reduce the effective recombination velocity. For the models considered, GBs generally have a deleterious effect on efficiency, and GBs alone can not explain the apparent superiority of polycrystalline over single-crystalline CIGS materials.
INTRODUCTION
Conversion efficiencies of Cu(In,Ga)Se 2 solar cells have nearly reached 20% [1] . It is often argued that these improvements have been achieved despite, or because of, the presence of grain boundaries (GBs). A frequently used argument for the latter is that the much less investigated, crystalline counterparts have achieved substantially lower efficiencies, around 10%-12% [2] . This work uses numerical simulations to predict the changes to CIGS solar-cell efficiencies that are introduced by the presence of GBs. The effects of uncharged horizontal and columnar GBs are investigated and quantified. Detailed analysis shows how different parts of the GB affect the carrier collection and forward recombination. For moderate values of GB recombination velocities (∼10 5 cm/s), the effects of electrostatic charging of GBs and valence-band offsets are investigated. Charges establish an electrostatic potential, which has been reported in the literature for CIGS solar cells [3] [4] [5] . A valence-band offset was calculated from first principles [6] , and Cu-depletion at GBs [7] was experimentally observed; the latter is also predicted to cause a down-shift of the valence-band energy [8] . Similar Cu depletion and band-gap widening toward the valence band were observed at the CIS surface [9] . Our findings suggest that a plausible reason behind highly efficient thin-film CIGS solar cells (η > 17%) is an inherent valence-band offset due to surface Cu-depletion that passivates GBs. No configuration considered predicted a beneficial effect of GBs on solar efficiency and this suggests that the superiority of polycrystalline over single-crystalline material has to originate from poor interface or bulk properties of the single-crystalline material and not from the absence of GBs.
A comprehensive study of the GB problem, including a detailed description of the model, a consideration of a broader parameter space, detailed analysis including analytical treatment, and simulation of photoluminescence, electron beam induced current, and near-field scanning optical microscopy is presented elsewhere [10, 11] .
MODEL
Our reported one-dimensional "baseline case" [12] , which is inherently GB-free and resembles highly efficient CIGS solar cells, is used as the starting point for all calculations. The device consists of window (ZnO), buffer (CdS), and absorber (CIGS 1.15 eV) layers. Calculations including GBs are performed in two dimensions with the software program DESSIS [13] . Grain boundaries are introduced as thin strips of material that have a higher density of defect levels and are arranged either normal ("columnar") or parallel ("horizontal") to the main junction, as shown in figure 1. GBs are defined by the presence of one or more of the following: (1) 'neutral' recombination centers that establish GB-recombination S gb = N gb σv th (v th 10 7 cm/s; σ capture-cross section; N gb trap density in [cm −2 ]), (2) donor levels 0.2 eV below E C (low S gb ), and (3) acceptor levels 0.1 eV above E V (low S gb ). Additionally, in some simulations a valence-band offset, ∆E V = 0-0.5 eV, is introduced in a region surrounding the GB as indicated in figure 1(a). The separation into recombination-providing (1) and charge-carrying (2,3) defects allows one to study the effects of GBs with three independent parameters: GB recombination velocity S gb , electrostatic GB potential φ gb , and valence-band shift ∆E V . More details of the model are discussed elsewhere [10] .
RESULTS AND DISCUSSION

Horizontal grain boundaries
Typical CIGS films, particularly films used in highly efficient solar cells, show average grain sizes of 1 µm or larger, which is similar to the film thickness. Both the growth and the GB can to a reasonable approximation be described as columnar [1] . Horizontal GBs do form, however, particularly at the beginning of growth (close to the back contact of the device). The "front" of these devices, where the junction is located, tends to be relatively free of horizontal GBs. Simulations with horizontal GBs a varying distance z gb from the CdS/CIGS interface were performed. The GB recombination velocity S gb was chosen as 10 5 cm/s. Resulting Horizontal GBs have only a small impact on device performance, unless they are located within the space-charge region (SCR). The loss in η exceeds 50% for z gb = 0.08 µm; at this location, electron and hole concentration are approximately equal and Shockley-Read-Hall recombination is therefore maximized. A horizontal GB within the SCR that is laterally localized to one or a few grains would lead to an observable weak diode (due to the low V oc ) and local shunting. CdTe solar cells, due to the reversed growth process, are more likely to have horizontal GB within the SCR and often show such local weak spots in electroluminesence experiments [14] .
Columnar grain boundaries
The grain size is chosen as 1 µm, and the model consists either of one ( figure 1[a] ) or two unit cells. J-V curves as well as J-V parameters as a function of GB recombination velocity S gb are shown in figure 3 . In comparison to the GB-free baseline (η = 17.6%), the effects of GB recombination are noticeable (loss of relative 5% or absolute 1%) once S gb ≥ 10 4 cm/s. This suggests that efficiencies 17% require passivation of the GB so that the effective GB recombination velocity is on the order of 10 3 cm/s. "Partial" columnar GBs (figure 4) that either start at the junction and extend a distance z gb into the film ("expanding") or are of length 50 nm and are located at the position z gb ("shifting") are considered, and the results are shown in figure  5 . V oc losses can be exclusively attributed to GBs within the SCR; hence, to achieve high V oc , passivation of the GB in the first few tenths of a micron would be sufficient. GBs within the bulk affect the collection of deeper generated carriers and, hence, reduce the long-wavelength quantum efficiency and J sc . GBs at a depth of more than 1 µm are irrelevant for J-V performance (constant performance for "expanding" GB with z gb > 1 µm).
Electrostatic potential φ gb
Positively charged donor levels establish a GB potential of φ gb > 0, which leads to hole repulsion and electron attraction. The reverse effect of electron repulsion (φ gb < 0) is established with additional acceptor levels at the GB. Performance parameters for S gb = 10 5 cm/s are shown in figure 6 . Negative φ gb (acceptors) can help passivate the GB, current as well as voltage recovers. Since recombination in the quasi-neutral region depends on the minority carrier concentration, R = ∆nS gb , repulsion of electrons reduces recombination. The additional negative charge at the GB reduces the n/p junction width at the GB and leads to reduced SCR recombination. However, an unrealistically high density of GB states needs to be assumed (density/grain width bulk doping) to establish performance similar to that of GB-free devices.
Positive φ gb (donors) is detrimental to V oc since the positive charges on the GBs widen the depletion region at the GB and an increased forward current recombines in the SCR. Small positive φ gb results in increased recombination due to the increased minority carrier density. Very high collection (J sc ) can be achieved for φ gb > 0.3 eV. However, the net effect on η is at best a compensation for the lower V oc . Even for smaller values of S gb = 10 4 cm/s, φ gb > 0 appears to be detrimental to device performance, and η is significanly below that of GB-free devices. 
Valence-band shift ∆E V
In comparison to the electrostatic problem, we consider a chemically induced shift of the valence-band energy of magnitude ∆E V (E g expands). The J-V results (figure 7) clearly show how V oc recovers with any magnitude of ∆E V . This recovery is directly related to the local expansion of the band gap near the GB, and of particular importance is the expansion of the band gap in the SCR, as discussed above. Current response recovers to near GB-free values once ∆E V exceeds 0.3 eV, and for higher values practically GB-free performance is established. Above 0.3 eV, holes are minority carrier at GBs and it follows that recombination will be determined by the hole concentration and hence, for higher values of ∆E V , recombination reduces as p is further reduced. At higher GB recombination velocities, this passivation mechanism is similarly effective (also shown in figure 7 for S gb = 10 6 cm/s).
Combination of φ gb and ∆E V
Experimentally, one must allow that electrostatic charging and a valence-band shift may be present at the same time. From the J-V results calculated for S gb = 10 5 cm/s (figure 8), we conclude that (1) ∆E V > 0.2 eV is necessary to achieve high V oc ; (2) φ gb + ∆E V > 0.35 eV is necessary to passivate the GB in the bulk and recover J sc ; (3) in the presence of ∆E V 0.2 eV, φ gb has a small, yet detrimental effect; and (4) φ gb alone can not establish high η. 
CONCLUSIONS
Using two-dimensional models of horizontal and columnar GBs in CIGS solar cells, we have investigated the impact of GBs on cell performance. GB recombination limits the device performance for moderate values of effective grain-boundary recombination S gb > 10 4 cm/s. This agrees well with results reported by others [15] . Hole-repulsive band-bending is observed to further lower the device efficiency, even if S gb is rather small. A shift of the valence-band energy at the grain surface is found to passivate active GBs in the bulk as well as in the SCR, and a performance level comparable to GB-free devices can be established independent of S gb . Taretto et al. [15] used a simplified model of this configuration and, considering ∆E V up to 0.18 eV, found only minor improvements. Our results suggest that strong electrostatic potentials are unlikely to be present in record-efficiency devices, and a plausible explanation for the benign character of GB in record devices is a valence-band offset at the grain surface.
